Our study empirically investigates the effects of the Kyoto Protocol's quantified emission limitation or reduction commitments on various greenhouse gas (GHG) emissions such as CO 2 , CH 4 , N 2 O and other greenhouse gases, consisting of HFCs, PFCs and SF 6 . These GHG emissions are considered to be the main source of global warming issues and 39 countries approved to meet the commitments by ratifying the Kyoto Protocol. Our empirical analysis is based on the STIRPAT model, the stochastic version of the IPAT model, using the data of 119 countries in 1990, 1995, 2000 and 2005. Our main findings are that the effects of the commitments to the Kyoto Protocol (1) are significantly negative for the cases of CO 2 and CH 4 emissions, (2) are not significant for the case of N 2 O emissions and (3) are significantly positive for the case of other greenhouse gas emissions. These results have important policy implications for global warming issues.
Introduction
Global warming is an important issue for all people in the world. Once greenhouse gases (GHGs) are generated, they accumulate in the atmosphere for a very long period. For this reason, the scope of their impact is not only limited to the present generation, but will continue to affect generations to come. Due to these long lasting effects, global warming must be dealt with seriously in order to achieve environmental and economic sustainability. Global warming has a strong relationship with sustainability in terms of genuine saving (GS). 1 From its definition, a country's GS value increases if GHG emissions like CO 2 emissions decrease, leading to the improvement of its sustainability. Based on this assumption, analyzing the mechanism of GHG emissions would be useful for the study of sustainability.
In recent years a number of researches warn that an increase in the level of GHG emissions in the atmosphere will cause serious problems. 2 There is also a collective view among the majority of the science community suggesting that anthropogenic factors (called driving forces) play an important role in the GHGs increment. of GHGs such as carbon dioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulfur hexafluoride (SF 6 ). 3 Non-CO 2 GHGs are also generated from human activities such as industry, agriculture and energy generation as pointed out by Khalil (1999) . According to the IPCC, the fractions of GHGs from man-made sources are 76.7% for CO 2 , 14.3% for CH 4 , 7.9% for N 2 O and 1.1% for other GHGs (HFCs, PFCs and SF 6 ) respectively (IPCC, 2007c, p.103) . Atmospheric concentrations of long-living GHGs (CO 2 , CH 4 and N 2 O) have increased rapidly since the industrial era (IPCC, 2007a, p.135). Additionally, non-CO 2 GHGs have greater global warming potential (GWP) than CO 2 , defined by the relative value of global warming effects of each GHG. For example, the GWPs of CH 4 , N 2 O and SF 6 are 25, 298 and 22800 respectively if the GWP of CO 2 is assumed to be unity in a time span of 100 years (IPCC, 2007a, pp.212-213). 4 1 The World Bank (2009) defines GS as "adjusted net savings are equal to net national savings plus education expenditure and minus energy depletion, mineral depletion, net forest depletion, and carbon dioxide. This series excludes particulate emissions damage." GS is used by many studies as an indicator for judging a country's sustainability (e.g., Hamilton and Clemens 1999; Arrow et al. 2004; Sato et al. 2009 ).
2 IPCC (2007b) points out that rises in sea level, poor agricultural harvests, and damage to human health may be caused by global warming. 3 In this paper, the term "all GHGs" refers to these six kinds of GHGs. 4 As for HFCs and PFCs, which include a lot of species, their GWPs are different from each other and are The structure of this paper is as follows. Section 2 explains the IPAT model and its stochastic version, the STIRPAT model, which are the methods for our analysis. Section 3 provides the empirical analysis, which includes the estimation methodology, data and estimation results. Section 4 is the conclusion.
much higher than that of CO2. Note that the Kyoto Protocol is based on the GWPs in the IPCC second assessment report. This report shows that the GWPs of CH4, N2O and SF6 are 21, 310 and 23900 respectively if the GWP of CO2 is assumed to be unity in a time span of 100 years. To analyze the driving forces of GHG emissions generated from human activities, the IPAT model (or equation) developed by Ehrlich and Holdren (1971) is useful. This model is based on the concept that population growth would harm (or change) the environment. As widely recognized, the environmental Kuznets curve (EKC) hypothesis assumes the unity of the population elasticity. Unlike the notion of the EKC, the IPAT model utilizes the total population as an explanatory variable. This permits us to explicitly estimate the population elasticity of gas emissions.
The IPAT model considers that the environmental impact (I) is caused by population (P ), affluence (A) measured in GDP (per capita), and technology (T ) often measured in energy intensity and industrial structure. These relationships are then expressed as:
The main advantage of the IPAT model is a simple specification of the three driving forces causing the environmental impact. Furthermore, this equation means that the environmental impacts are the multiplicative products of the driving forces, P , A and T . and ImPACT equations. They argue that these models are not suitable for testing hypothesis since they are identical equations. Furthermore, they do not allow for non-monotonic or non-proportional effects from the driving forces.
To overcome these problems, the IPAT model is reformulated to the stochastic version, the Stochastic Impacts by Regression on Population, Affluence, and Technology (STIRPAT) model proposed by Dietz and Rosa (1997) . The STIRPAT model is specified as follows:
where α, β, γ and δ are parameters and ε is the random error term.
A number of researches on the relationship between human activities and CO 2 emissions have been conducted by employing the IPAT, ImPACT and STIRPAT models in recent years. 6
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Estimation methodology and data
To examine the effects of the Kyoto Protocol commitments on various greenhouse gas emissions, our study uses the STIRPAT model, taking into account the role of the Kyoto Protocol.
By taking the logarithm of equation (2) and adding the variable representing the Kyoto Protocol, our estimation equation is specified as:
where i and t are the country identity and the time series; α 0 = ln α; I is various greenhouse gas emissions such as CO 2 , CH 4 , N 2 O, and other greenhouse gas (HFCs, PFCs and SF 6 ) emissions; P is total population or urbanization; A is GDP per capita; T is energy intensity, defined as the share of energy use on GDP, and the percentage of value added from the manufacturing sector in total value added; Commitment is a dummy variable, which is one after the year countries ratified the Kyoto Protocol and approved to meet quantified emission limitation or reduction commitments; and e is the random error term. The details of the data definitions and sources are illustrated in Appendix A2. Columns (1), (2) and (3) report the results of the pooled ordinary least squares (OLS), Fixed Effects (FE) and Random Effects (RE) estimations, respectively. The F, Breusch-Pagan and 7 Several studies using the STIRPAT model can be found on the environmental impacts other than CO2. As one of them, Cramer (1998) analyzes five air pollutants such as reactive organic gases (ROG), oxides of nitrogen (NOx), oxides of sulfur (SOx), carbon monoxide (CO) and particulate matter (PM10) in California.
Estimation results
Hausman tests show that the FE estimation is appropriate. The coefficient of population is significant and approximately unity, implying that CO 2 emissions are proportional to population. This result is consistent with that of previous studies such as York In these columns, the coefficient of commitments is still significantly negative. The Kyoto Protocol has been criticized because the US has not ratified it and because reduction targets may not be sufficient to prevent global warming. However, our results indicate that the Kyoto Protocol has a reducing effect on CO 2 emissions although it may not yet be sufficient.
The results of CH 4 emissions are presented in Table 2 and the RE estimation is appropriate from the results of the specification tests. The signs of each variable are the same as those for the case of CO 2 emissions but the impacts of GDP per capita and energy intensity are smaller. This result may be due to the fact that most CH 4 emissions are from the agricultural sector. Since the coefficient of the commitments is significantly negative, the Kyoto Protocol has reducing effects on CH 4 emissions similar to the case of CO 2 emissions.
The estimation results of N 2 O emissions are reported in Table 3 . Judging from the specification tests at 10% significant level, the FE estimations are suitable. The important difference from the cases of CO 2 and CH 4 is that the coefficient of the commitments is negative but not significant. The smaller impact of GDP per capita and energy intensity may be attributed to the main emissions source being the agricultural sector, similar to CH 4 emissions. Table 4 provides the estimation results of other greenhouse gas (HFCs, PFCs and SF 6 ) emissions. 8 The results of the specification tests indicate that the FE estimation is appro- in developing countries and its warming effects will become larger. Therefore, in dealing with global warming issues, it might be useful to take into account the effects of these gases in policymaking.
Previous studies on these problems tend to focus on CO 2 emissions. It is true that the contribution of the overall amount of CO 2 emissions on global warming is the highest among GHG emissions, but the other GHG emissions should not be overlooked. Although they are in lesser amounts, their GWPs are much higher than that of CO 2 . As for other variables than the commitments, while all GHG emissions are generally proportional to population, urbanization does not have significant effects on CH 4 , N 2 O, and other greenhouse gas (HFCs, PFCs and SF 6 ) emissions. Broadly speaking, the effects of GDP per capita and energy intensity are significantly positive on CO 2 , CH 4 , and N 2 O emissions, and these impacts are larger in the corresponding order of CO 2 , CH 4 , and N 2 O emissions.
Since the annual data of CO 2 emissions are continuously available from 1990 to 2005, our study tries to conduct further analysis on CO 2 emissions and provides the estimation results in Table 5 . The results in columns (1)- (3) and (5)- (7) correspond to those in columns (1)- (3) and (4)-(6) in Table 1 by using the same estimation methods. These results are almost the same as those in Table 1 , implying that our analysis and findings are robust for sample size. Given the sample size of 16 years, we can apply the dynamic panel analysis for our estimation. Columns (4) and (8) report the results by employing the system GMM estimation proposed by Blundell and Bond (1998) . The system GMM is appropriate for the analysis on data of small time periods and a large number of countries, and deals with endogeneity bias arising from omitted variables and/or the correlation between explanatory variables and error term by using the instrumental variables. To check the consistency of the system GMM estimator which depends on the validity of the instrumental variables, we use the Hansen test of over-identifying restrictions and the Arellano-Bond test of whether the difference error term is second-order serially correlated. From the results of the Hansen test in columns (4) and (8), we cannot reject the null hypothesis that the instruments are exogenous, and the Arellano-Bond test shows no second-order serial correlation of the differenced residual.
Although the coefficients of manufacture and urbanization are not significant, the log-run impacts of other variable are almost the same as the results by other estimation methods. 9 The effects of commitments to the Kyoto Protocol, which are our main interest, are still significantly negative. Therefore, the dynamic panel analysis provides evidence supporting our main findings.
Conclusion
Global warming will have serious negative effects over generations and it is important that greenhouse gas (GHG) emissions be reduced to achieve sustainable development. Genuine Our main findings are that the Kyoto Protocol has a significant reducing effect on CO 2 and CH 4 emissions, an insignificant effect on N 2 O emissions and a significant increasing effect on other greenhouse gas emissions. These results have important policy implications for global warming issues. Previous studies on these problems tend to merely focus on CO 2 emissions.
It is true that the contribution of the overall amount of CO 2 emissions on global warming is the highest among GHG emissions, but the other GHG emissions should not be overlooked.
Although they are in lesser amounts, their global warming potentials are much higher than that of CO 2 emissions. Therefore, in addressing the global warming issues, policymakers should consider the effects of all GHGs. 1. All variables are taken in logarithm.
A1. Countries in the samples
2. The asterisks ***, ** and * are 1%, 5% and 10% of significant levels, respectively.
3. The numbers in parentheses are standard errors. 1. All variables are taken in logarithm.
3. The numbers in parentheses are standard errors. 1. All variables are taken in logarithm except for other greenhouse gas emissions, which are equal to log (1+ their value).
3. The numbers in parentheses are standard errors. 
